In-cylinder charge motion is known to significantly increase turbulence intensity, accelerate combustion rate, and reduce cyclic variation. This, in turn, extends the tolerance to exhaust gas recirculation (EGR), while the introduction of EGR results in much lowered nitrogen oxide (NO x ) emissions and reduced fuel consumption. The present study investigates the effect of charge motion in a spark ignition engine on fuel consumption, combustion, and engine-out emissions with stoichiometric and EGR-diluted mixtures under part-load operating conditions. Experiments have been performed with a Chrysler 2.4L 4-valve I4 engine under 2.41 bar brake mean effective pressure at 1600 rpm over a spark range around maximum brake torque timing. The primary intake runners are partially blocked to create different levels of tumble, swirl, and cross-tumble (swumble) motion in the cylinder before ignition. Various parameters are measured, including crank-angle resolved intake and exhaust runner and in-cylinder pressures, intake manifold absolute pressure, exhaust gas temperature, and engine-out emissions (NO x , HC, CO, CO 2 , and O 2 ). The impact of blockages on combustion is characterized by burn duration, coefficient of variation, and lowest normalized value. Tumble blockage has been observed to reduce the burn delay and duration more effectively than swirl and swumble. With increasing EGR, the brake specific fuel consumption (BSFC) has been continuously reduced until an optimum dilution level, along with associated NO x reduction.
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INTRODUCTION
The EGR diluted mixtures in SI engine offer attractive improvements in fuel consumption, combustion and emissions [1] [2] [3] [4] [5] . The peak in-cylinder gas temperature varies inversely with the recirculated burned gas leading to reduced NO x formation rate as dictated by the thermal Zeldovich mechanism. The fuel conversion efficiency f is also improved with EGR under partload operating conditions, mainly due to the decreasing pumping losses and heat transfer to the combustion chamber walls [6] .
Yet, EGR acts as an additional diluent increasing the residual gas fraction x r , which reduces the laminar flame speed S L , resulting in slower burn rate, more cyclic combustion variation, and elevated unburned hydrocarbon emissions [7] . When the incylinder mixture approaches the dilution limit, partial burn and misfiring cycles increase substantially, hampering the normal operation of engine. Hence, the mechanisms such as charge motion are highly desirable to increase the turbulence intensity u' in combustion chamber before ignition in order to accelerate the flame propagation, stabilize combustion, and extend EGR tolerance.
In-cylinder gas motion is an important factor controlling the combustion process and exhaust emissions in SI engines. It governs the fuel-air mixing, turbulence intensity, turbulent flame speed S T , hence the burn rate. As u' decreases, for example, under part-load operating conditions, where the throttling reduces the air flow rate as well as the volumetric efficiency v , S T is reduced and more cycle-to-cycle variations occur in the combustion chamber, leading to unstable combustion and possibly increased unburned HC and CO emissions [8] . Tumble and swirl are two types of charge motion studied extensively. Tumble is known to produce organized fluid motion during the intake process, compress the flow vortex and increase the angular velocity during early compression due to piston motion, and then decay rapidly and break down into small scale turbulence near TDC [9] [10] [11] . While swirl, viewed approximately as a two-dimensional solid body rotation, persists through the compression and combustion processes [6] . The turbulence generated in the wall boundary can be transported throughout the bulk of the flow by diffusion and swirl-driven secondary flow [12] . Protruding objects, such as the spark plug and valve head, have also generated turbulence due to surface shear stress and vortex shedding with global swirl motion [13] . The enhanced turbulence helps wrinkle the flame front area further, increases the burn rate, and reduces the burn duration, particularly at the early stages of combustion, resulting in better engine performance while extending the dilution limit.
Different mechanisms have been used to produce swirl and tumble for diluted combustion in contemporary SI engines, including variable swirl/tumble ports [14] [15] [16] [17] [18] , port blockages [19] , vortex stratification [20, 21] , and valve shrouding [22, 23] . Kim et al. [14] conducted lean-burn experiments on a 2.4L 4-valve SI engine under part-load operating conditions, with swirl and tumble generated from different intake port geometries. Dilution limit was extended significantly along with a reduction of NO x emissions up to 75%. Neuber et al. [15] designed a variable intake system to produce a combination of swirl and tumble which was applied to a 4-valve SI engine. EGR tolerance was extended considerably compared to that with conventional intake system under a part-load operating condition at 2000 rpm, while also improving fuel economy and NO x emissions. Geiger et al. [17] investigated engine combustion by using a continuous variable tumble system (CVTS) to produce different levels of tumble motion. With an SI engine running part load at 2000 rpm, dilution limit was increased to 40% EGR ratio and NO x emissions exhibited a reduction by more than 70%. Maier [18] reported a significant reduction of emissions by using variable swirl ports at different EGR dilution levels. In an investigation of hydrogen-enhanced lean combustion in SI engines, Goldwitz and Heywood [19] restricted the inlet port area to produce various kinds of swirl and tumble, which helped shorten the burn duration, improve the cyclic variation, and broaden the lean misfire limit. Stokes et al. [20] and Jackson et al. [21] provided vortex stratification to create variable tumble motion in SI engines. The resulting stratification was found to increase the EGR tolerance substantially. Similar results were reported by Caines et al. [23] , who generated strong swirl and tumble in an SI engine by valve shrouding, thus enhancing the air motion near the spark plug. BSFC improved from 3% to 7% with extended EGR tolerance.
In an earlier study, Selamet et al. [8] partially blocked the intake primary runners of a Chrysler 2.4L 4-valve SI engine to create different levels of tumble, swirl, and swumble before ignition. The effect of blockages was studied with stoichiometric mixtures. The present work extends this effect to EGR-diluted mixtures with the same blockages and the engine under a part-load operating condition to develop a comprehensive understanding of the impact of charge motion with dilution on fuel consumption, pumping work, combustion characteristics, and exhaust emissions relative to stoichiometric composition.
Following the introduction, Section 2 describes the engine experimental setup and Section 3 discusses the data reduction approach. Section 4 compares the experimental results between unblocked and blocked runners, and examines the effect of blockage on fuel consumption, combustion, and emissions. Section 5 concludes the study with some final remarks.
EXPERIMENTAL SETUP
Dynamometer experiments are conducted on a Chrysler 2.4L 4-valve I4 SI engine with the specifications given in Table 1 . The engine setup is shown in Fig. 1 with the numbering convention used to define the measurement locations. Gasoline (93 Octane -C 8 H 14.6 or with H/C = 1.825) is used as the fuel with a corresponding stoichiometric Air/Fuel Ratio (AFR) of 14.50. In-cylinder pressure is measured in cylinders 1 and 4 using Kistler type 6125B piezoelectric transducers for 256 consecutive engine cycles. The blockages (refer to Fig. 2 of Selamet et al. [8] ) are introduced in all intake primary runners 0.875'' upstream of the cylinder head. Two Kistler type 4045A2 piezoresistive transducers are placed 0.375'' upstream and downstream of the blockage in runners 1 and 4 to measure the intake runner pressures, which are averaged over 64 consecutive cycles. Same type of transducer is used in the exhaust runners 1 and 4 to measure pressure 1'' downstream of the head face. In light of the similarity of results from cylinders 1 and 4, the present paper concentrates on the observations primarily from cylinder and runner 1. Further details of the experimental setup have been described earlier [8] . In the present work, the intake manifold and exhaust runner 4 are connected through an EGR flow control valve with an orifice so that a controlled fraction of the exhaust gas could be recycled into the intake plenum, and re-enter the combustion chamber mixed with fresh air and fuel. Exhaust and intake gases are fed into Horiba's Mexa 7100 analyzer with gas sampled either from exhaust manifold (Location 13 in Fig. 1 ) or a combination of intake runners 1 and 4 (Location 15 in Fig. 1 ), respectively. The flow into the analyzer is switched between the exhaust and intake gas samples by using a solenoid valve. Exhaust runner temperature is measured by Omega Type K thermocouple placed 1. 
DATA ANALYSIS
To determine the fraction of recirculated exhaust gas, the EGR ratio is calculated based on the mole fraction of CO 2 2 CO y measured from both exhaust and intake gas samples [24, 25] 
is another useful parameter to quantify combustion instability, where IMEP lowest designates the lowest IMEP for 256 cycles. Lower LNV would usually suggest a less stable combustion.
The total in-cylinder pressure rise per crank angle degree (CAD) is considered to be the sum of the increase due to change in the volume produced by piston motion and the increment due to combustion at constant volume. The increase in pressure due to combustion (index j) is computed as [8] at each spark point.
Compared to the expected 4% increment, the exact ratio varies by about ±1% ( When the in-cylinder mixture approaches the dilution limit, the engine cannot be operated normally beyond a certain ignition timing. Hence a full spark range can not be retained and the expected increment of EGR is then reduced to 2% with the actual EGR ratios displayed in Table 2 for fully open, tumble, and swumble. Figures 2(a) -2(d) illustrate the variation of BSFC with spark timing at different dilution levels for fully open, tumble, swirl, and swumble, respectively. The MBT timings are indicated by circles with SA denoting the spark advance; the same designation will also be used in the following pertinent figures. The MBT is advanced with dilution for all configurations because of reduced burn rate and increased burn duration [6] . The fuel economy is improved with EGR mainly due to reduced pumping losses under part-load operating conditions which will be discussed later. As the mixture is diluted further at higher EGR ratios, the cyclic combustion variation increases. Eventually, partial burn and misfiring cycles increase substantially resulting in significantly deteriorated combustion, hence increasing BSFC. The experiment is terminated when BSFC starts to increase at MBT. In the present work, the optimum dilution level or, optimum EGR (of 19%, 26%, 20%, and 25% for fully open, tumble, swirl, and swumble, respectively) has been defined as the EGR ratio which yields the minimum BSFC at MBT. Figure 3 shows the BSFC comparison as a function of EGR at MBT timing only. BSFC decreases continuously with EGR until the optimum dilution level and improves by 3.7%, 6.7%, 3.0%, and 4.0% for fully open, tumble, swirl, and swumble, respectively, consistent with [29] . Tumble yields an optimum EGR higher than other types of charge motion, suggesting more stable combustion and less cyclic variation. On the other hand, the introduction of blockage has raised BSFC at a given EGR, primarily due to increased pumping loss. At the maximum EGR, the impact of partial burn and misfiring cycles overcomes the benefit from reduced pumping losses leading to significantly increased BSFC, particularly for tumble and swumble. For example, Fig. 4 shows the IMEP variation for 256 cycles with tumble blockage between two cases of no dilution at MBT and maximum EGR at the most advanced spark timing. A substantial number of partial burn and misfiring cycles are observed at the highest EGR compared to an engine operating at MBT with no dilution. The calculated EGR ratio and ISFC at MBT are illustrated in Table 3 for fully open, tumble, swirl, and swumble, respectively. Compared to unrestricted runner, blockage has retarded MBT timing due to shortened combustion duration, while tumble showing the largest reduction in spark advance (20˚ BTDC without EGR) relative to swirl and swumble (10å nd 12˚ BTDC, respectively, without EGR). Compared to the quoted EGR ratio (numbers in the first column for each configuration), the actual measured values exhibit a small deviation (third column). Without EGR dilution, blocked runners reduce ISFC by 2.87%, 2.26%, and 2.26% for tumble, swirl, and swumble, respectively, suggesting an improved fuel conversion efficiency achieved by fast burn [8] . For all configurations, ISFC first decreases with dilution mainly due to improved fuel economy, followed by an increase to the maximum EGR since the reduced indicated work offsets the decreasing fuel flow rate. case of Fig. 5(a) , both phasing and magnitude of the peak cylinder pressure p max are comparable at different dilution levels. This is due to the effect of spark timing and EGR dilution. In general, under a fixed operating condition with a given EGR ratio, p max increases gradually with advanced spark while the location of the peak cylinder pressure pmax approaches TDC (Fig. A1) . At a given spark timing, the peak cylinder pressure decreases with EGR for each blockage-load combination (Fig. A2) , mainly due to reduced flame speed. For unblocked runner, the introduction of EGR nearly offsets the effect of advanced MBT timing (recall Table 3 
the combustion and reduce the cyclic variation [12] . As in-cylinder dilution approaches the optimum EGR, COV is observed to be 2.33%, 1.82%, 1.69%, and 2.86 for fully open, tumble, swirl, and swumble respectively, a range that is consistent with other experimental observations [5, 19; which define the dilution limits as 3% and 2% COV, respectively]. Beyond the optimum dilution level, blocked runners exhibit substantial cyclic variation (highest COV and lowest LNV in Figs. 6 and 7, respectively) mainly due to the dramatic increase of partial burn and misfiring cycles. configurations Fig. 8(b) . This is due to increased flow losses because of the flow separation, along with the back flow across blockage. This results in a reduction of in-cylinder pressure for intake stroke and then an increase of pumping loss [8] . Fig. 10 as a function of EGR at MBT; these values along with their ratio to IMEP (PMEP/IMEP) are listed in Table 4 . PMEP as well as PMEP/IMEP decrease gradually with EGR due to increased cylinder pressure during the intake process, leading to improved f . At a given dilution level, charge motion has increased PMEP because of higher flow losses through the blockage. This effect correlates well with the BSFC trend in Fig. 3 . Pumping losses are comparable for blocked runners at most EGR levels, as illustrated in both Fig. 10 and Table 4 , due to similar mean cylinder pressure during the intake and exhaust strokes (recall Fig. 9 ). The comparison of the corresponding MAPs is shown in Fig. 11 . As expected in light of Fig. 8 , MAP is increased with dilution. At a specific EGR, charge motion is associated with higher MAP compared to the unrestricted runner mainly due to the larger throttle opening for restricted case to counter the decreasing engine breathing capacity because of blockage flow losses. 
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Fully open: set 1 set 2 Tumble: set 1 set 2 Swirl: set 1 set 2 Swumble: set 1 set 2
Figure 11. MAP comparison with EGR, at MBT.
In-cylinder charge motion has a strong influence on the combustion characteristics, particularly the combustion duration. The 0-10% (burn delay) and 10-90% (flame propagation) burn durations vs. spark advance are shown at various EGR rates in Figs. 12 and 13, respectively, followed by a comparison of burn delay and flame propagation periods for different blockages as a function of EGR at MBT timing in Figs. 14 and 15. The corresponding comparison of 0 -100% burn duration between blocked and unblocked runners is deferred to Figs. A4 and A5. The magnitude of the burn delay, flame propagation, and total burn duration angles is listed in Table 5 at MBT. At a given dilution level, Fig. 12 illustrates that the burn delay is insensitive to spark, particularly at moderate EGR rates. On the other hand, 10 -90% burn duration decreases significantly as the spark is advanced from the most retarded point, as shown in Fig. 13 . As the incylinder mixture approaches the optimum EGR, flame propagation period is observed to increase significantly for swirl and swumble. Figure 14 clearly shows that the introduction of EGR increases the burn delay period at MBT, consistent with the experimental findings of Ivanic et al. [5] . Blockage brings about considerable reduction of 0 -10% burn duration compared to the unrestricted runner, with tumble being the most effective compared to swirl and swumble. Fully open and swirl increase 10 -90% burn duration with EGR as illustrated in Fig. 15 . For swumble and tumble, flame propagation period is less sensitive to EGR ratios below 16%, particularly for tumble, suggesting that the impact of dilution for tumble is mainly on lengthening the burn delay. At maximum EGR, 10 -90% burn duration is significantly lengthened for blocked runners due to substantially deteriorated combustion. Although tumble continues to accelerate the burn rate during flame propagation, both swirl and swumble exhibit longer 10-90% burn duration in contrast to the unblocked runner, which is possibly due to the structure of the in-cylinder fluid motion. As indicated earlier, swirl behaves like a solid body rotation and usually persists through compression and combustion [6, 12] . During the flame propagation period, less turbulence is generated from the conserved swirl motion compared to the unblocked case, thereby leading to the reduction in flame speed and then the burn rate. The combustion characteristics of swumble are similar to swirl displayed in Figs. 14 and 15, suggesting that swirl and swumble may result in a similar structure of the incylinder fluid motion. Tumble, on the other hand, starts breaking up rapidly near TDC, leading to substantially high turbulence intensity during ignition and then the increased combustion rate [30, 31] . The enhanced turbulence results in strong reduction of the burn delay. As the breakdown of the tumble vortex continues through the combustion, the tumblegenerated turbulence may still be enhanced and hence flame propagation rate seems to increase as well. Figure 16 depicts the variation of EGT with spark advance at different EGR for both unblocked and blocked cases. Figure  17 compares EGT among 4 configurations at MBT timing only. Retarded ignition results in higher EGT due to late combustion and heat release (Fig. 16) . EGT for swirl and swumble at a given spark timing is comparable to fully open runner from 0 to moderate EGR rates. With increasing dilution, EGT continues to decrease at MBT as shown in Fig.  17 due to reduced burned gas temperature. At the highest EGR, the EGT levels off, primarily due to the significant lengthening of the burn duration, as observed in Table 5 . 
SA [CAD BTDC] Exhaust gas temperature [C]
ith swumble Compared to the unblocked case, EGT at MBT increases with swumble at all EGR rates and swirl exhibits an increase of EGT at EGR ratios approximately above 8%, shown in Fig.  17 . Tumble, on the other hand, decreases the EGT possibly due to the variation of peak combustion temperature and cylinder heat transfer to the combustion chamber walls. 
EGR [%] Exhaust gas temperature [˚C]
Fully open: set 1 set 2 Figure 18 illustrates the variation of brake specific emissions of NO x vs. spark advance at different dilution levels along with a comparison of NO x emissions in Fig. 19 as a function of EGR at MBT timing for different blockages. The NO x reduction ( Fig. 18 ) with spark retard correlates well with the peak in-cylinder temperature due to the strong temperature dependency in the Zeldovich mechanism. Since NO x formation rates increase exponentially with in-cylinder temperature, the approach that achieves low temperature combustion results in a reduction of NO x emissions. The recirculated exhaust gases act as diluents in the unburned mixture leading to lowered flame temperature. Therefore, increasing burned gas fraction decreases NO x emission levels, as shown in Figs. 18 and 19 . For example, NO x emissions are reduced by 91%, 83%, 80%, and 76% at the optimum EGR with MBT timing for tumble, swumble, swirl, and fully open, respectively. The specific NO x emissions are somewhat comparable between blocked and unblocked runners at MBT (Fig. 19 ), particularly at EGR ratios above 8%. may inhibit the unburned hydrocarbon storage in crevices before combustion. During exhaust process, the higher incylinder and exhaust gas temperatures enhance the oxidation process, hence lowering the HC emissions. As the in-cylinder mixture becomes more diluted, the burn duration increases and combustion deteriorates with an increase of slow burn cycles. Eventually, partial burn and misfire occur in the cylinder. The elevated COV due to increasing number of slow burn, partial burn, and misfiring cycles (recall Figs. 4 and 6) leads to higher HC emissions depicted in Figs. 20 and 21, with substantial increase at the maximum EGR for blocked runners. At MBT timing, tumble displays lower HC emissions (Fig.  21 ) than swirl and swumble, possibly due to the significantly increased burn rate and spark retardation.
Figures 22 and 23 depict the specific emissions of CO as a function of spark advance and EGR ratio, respectively, for different blockages. In Fig. 22(a) , fully open runner displays reduction in CO emissions with EGR until the optimum dilution level, suggesting that the introduction of burned gas decreases the local fuel-rich zones where CO formation is assumed to take place. Tumble exhibits a similar trend with somewhat lower emissions, as shown in Fig. 22(b catalyst (Location 13 in Fig. 1 ). While this approach provides a relative assessment of the blockages, the absolute values of certain species (particularly HC and CO reacting in ports and runners, unlike frozen NO x ) are expected to vary with location, for example, from manifold to runner.
SUMMARY AND CONCLUSIONS
Intake runner blockages are helpful in producing in-cylinder charge motion which can improve the engine performance and extend the dilution limit. In the present study, the optimum EGR ratio becomes 26%, 20%, and 25% for the tumble, swirl, and swumble blockages, compared to 19% for unblocked runner, under a part-load operating condition in a Chrysler 2.4L SI engine. In summary:
Cyclic combustion variability increases with EGR dilution due to increasing slow burn, partial burn, and misfiring cycles. Charge motion is observed to significantly reduce the instability with tumble showing a better improvement than swirl and swumble. Pumping losses decrease with dilution mainly due to more recycled burned gas which results in increased MAP and in-cylinder pressure during intake process. magnitude and phasing of the intake runner pressures at various dilution levels, consistent with the early findings of Selamet, et al. [8] . The blockage flow losses are responsible for higher pumping loss with charge motion.
The introduction of EGR increases the burn delay for all configurations at MBT timing. Fully open runner and swirl increase 10 -90% burn duration with EGR dilution, whereas, for tumble and swumble, the flame propagation period remains mostly insensitive to dilution at EGR ratios below 16%, particularly for tumble. Compared to unblocked runner, both burn delay and flame propagation angles are significantly shortened by tumble motion. Swirl and swumble reduce the burn delay period, however, they have revealed slow flame propagation for 10 -90% burn duration mainly due to reduced turbulence generation from the conserved solid body rotation.
Exhaust gas temperature decreases with EGR until the optimum dilution level due to reduced burned gas temperature. Compared to unblocked runner at MBT, swumble has raised EGT at all dilution levels and swirl has also increased EGT at EGR ratios above 8%. Tumble, on the other hand, decreases EGT due possibly to the Figure 22 . Effect of blockages on CO emissions.
variation of peak combustion temperature and in-cylinder heat transfer.
With increasing dilution, NO x emissions are continuously reduced due to the significance of temperature in the Zeldovich mechanism. The specific NO x emissions are relatively close for both unblocked and blocked runners at MBT, particularly at EGR ratios above 8%. HC emissions increase as the in-cylinder mixture becomes more diluted due to substantial cyclic variation and deteriorated combustion. 
